Background: Whereas deficiency of the essential nutrient choline is associated with DNA damage and apoptosis in cell and rodent models, it has not been shown in humans. Objective: The objective was to ascertain whether lymphocytes from choline-deficient humans had greater DNA damage and apoptosis than did those from choline-sufficient humans. Design: Fifty-one men and women aged 18 -70 y were fed a diet containing the recommended adequate intake of choline (control) for 10 d. They then were fed a choline-deficient diet for up to 42 d before repletion with 138 -550 mg choline/d. Blood was collected at the end of each phase, and peripheral lymphocytes were isolated. DNA damage and apoptosis were then assessed by activation of caspase-3, terminal deoxynucleotide transferase-mediated dUTP nick endlabeling, and single-cell gel electrophoresis (COMET) assays. Results: All subjects fed the choline-deficient diet had lymphocyte DNA damage, as assessed by COMET assay, twice that found when they were fed the control diet. The subjects who developed organ dysfunction (liver or muscle) when fed the choline-deficient diet had significantly more apoptotic lymphocytes, as assessed by the activated caspase-3 assay, than when fed the control diet. Conclusions: A choline-deficient diet increased DNA damage in humans. Subjects in whom these diets induced liver or muscle dysfunction also had higher rates of apoptosis in their peripheral lymphocytes than did subjects who did not develop organ dysfunction. Assessment of DNA damage and apoptosis in lymphocytes appears to be a clinically useful measure in humans (such as those receiving parenteral nutrition) in whom choline deficiency is suspected.
INTRODUCTION
Choline is a dietary component that is essential to the normal function of all cells (1) . It (or its metabolites) assures the structural integrity and signaling functions of cell membranes; in addition, it is the major source of methyl groups in the diet (one of choline's metabolites, betaine, participates in the methylation of homocysteine to form methionine), and it directly affects cholinergic neurotransmission and the transport of lipids from the liver (1) . One of the functional consequences of dietary choline deficiency in humans is the development of liver damage (ie, elevated serum aminotransferase concentrations; 2, 3) and muscle damage (ie, elevated serum creatine phosphokinase concentrations; 4). Cultured hepatocytes and myocytes died by apoptosis when placed in choline-deficient medium (4 -7), which may explain why liver and muscle cells leaked enzymes into blood in choline-deficient humans.
Choline deficiency has also been associated with DNA damage. In choline-deficient hepatocytes, when compared with cells grown with choline, leakage of reactive oxygen species from mitochondria was greater (8, 9) , and these reactive oxygen species react with lipids and DNA. In choline-deficient rats, lipid peroxides accumulated (10 -13) , and there was more DNA adduct formation and DNA damage in hepatocytes (14) and in lymphocytes (15) than in control rats. This finding has never been shown in humans.
Better biomarkers for assessment of choline status are important for clinical practice in nutrition. Low plasma choline concentrations occur in up to 84% of the patients who require total parenteral nutrition [(TPN) 3, 16 -20] , as does liver damage (3, 21) and fatty liver (3) . In some patients, the hepatic dysfunction associated with TPN was resolved with choline supplementation but then returned when standard TPN was reinstituted (3) . Low choline status is also possible in healthy populations. Dietary choline intakes vary enough in healthy women in the United States (from 300 to 500 mg/d) to significantly influence the risk that a healthy woman will have a baby with a birth defect (22) . Current assessment of choline status in humans involves assays of choline, betaine, and phosphatidylcholine concentrations in plasma (2) , but it is important to note that measurement of these biomarkers in humans was not sufficient to predict which subjects would develop organ dysfunction when fed a cholinedeficient diet, because all choline-depleted subjects had low plasma choline and betaine concentrations, yet only some developed liver or muscle damage (4, 23) . Although these plasma concentrations decreased when humans ate a choline-deficient diet, they stabilized after a decrease of 30% to 50%, probably as a result of homeostatic mechanisms (24) . Thus, plasma measurements likely do not accurately reflect tissue concentrations of choline. An alternative functional marker for choline deficiency is needed in a readily accessible tissue.
In the current study, men and women were fed a diet containing choline for 10 d and then fed a choline-deficient diet for ͨ42 d before repletion with choline. We determined whether DNA damage and apoptosis increased during the period of choline depletion and whether these functional effects of choline deficiency were correlated with susceptibility to liver or muscle damage when the subjects were fed a choline-deficient diet.
SUBJECTS AND METHODS

Study design
Healthy men (n ҃ 31) and women (n ҃ 35) were recruited for the study. Inclusion was contingent on a good, age-typical health status, as ascertained by physical examination and standard clinical laboratory tests such as complete blood count, blood chemistries, fasting lipid and liver function tests, and the presence of no known chronic disease. Twenty-two subjects admitted to the study had minor elevations in blood lipids that the study physician deemed not to have clinical significance. Of the originally recruited 66 subjects, 61 completed at least the initial phase and the depletion phase. Of that group, 1 subject was excluded because of a 9-kg weight loss during the study, and 3 subjects were excluded because they did not comply with diet restrictions; baseline measurements of DNA damage and apoptosis were not performed in 6 subjects. Thus, 51 subjects were included in the analyses. These 20 men and 31 women ranged in age from 18 to 70 y and had a body mass index (in kg/m 2 ) between 19 and 33, which they maintained throughout the study. Two of the postmenopausal women were taking hormone replacement therapy. The race-ethnicity distribution of the participants was white (63%), African American (27%), Asian (6%), and Native American (4%), which reflected the local population characteristics of the Raleigh-Durham-Chapel Hill area.
The subjects were admitted to the General Clinical Research Center at the University of North Carolina at Chapel Hill, where they remained under the supervision of study staff for the duration of the study. The diets administered to the subjects, which were composed of high-biologic-value protein (0.8 g/kg), fat (30% of kcal), and carbohydrate (70% of kcal), were prepared in-house to protocol specifications; they are described in detail elsewhere (25) . Total food intake was adjusted to be isocaloric and to provide adequate intakes of macronutrients and micronutrients.
Initially, all participants received a diet of normal foods containing 550 mg choline · 70 kg body wt Ҁ1 · d Ҁ1 , which is the presumed adequate intake (26) , and 400 dietary folate equivalents (DFE)/d. The dietary choline content was confirmed as described previously (25, 27) , and the folate content was calculated by using the US Department of Agriculture Nutrient Database for Standard Reference (release 16; http://www.ars.usda. gov/ba/bhnrc/ndl) and PRONUTRA software (version 3.1.0.13; ProNutra, Princeton, NJ). After 10 d, the subjects were randomly assigned to 1 of 2 groups-dietary folate only or dietary folate supplemented with 400 g folic acid/d-and then were fed a diet in which the choline content was reduced to 50 mg/d, as confirmed by analysis of duplicate food portions (27, 28) . For the rest of the study, all diets offered to the folate-only group contained 100 DFE/d, whereas the folic acid-supplemented group received an additional 668 DFE/d (Figure 1) . Plasma folate concentrations were measured by using a microbiological assay with interassay and intraassay CVs of 3.9% and 3.1%, respectively (29) . Periodic measurments of urinary choline and betaine concentrations were used to confirm compliance with the dietary restrictions. Briefly, urine was collected (pooled for 24 h) at the end of the baseline, depletion, and repletion phases, as well as on days 13 and 31 of the choline-deficient diet. Aliquots were stored at Ҁ80°C until they were analyzed for choline and betaine by the method of Koc et al (28) .
Subjects continued to be fed this choline-depletion diet until they developed organ dysfunction associated with choline deficiency or for 42 d if they did not develop such dysfunction. Humans were deemed to have organ dysfunction associated with choline deficiency if their serum creatine phosphokinase (CPK) activity rose 5-fold from baseline (4) or if liver fat content increased by 28% during the choline-depletion diet, and if this greater CPK activity or higher liver fat content resolved when choline was restored to the diet. After the depletion study, subjects with no dysfunction were maintained on a diet containing 550 mg choline/d for ͧ3 d before being discharged from the study. Those with organ dysfunction underwent choline repletion by receiving 137.5 mg choline · 70 kg 
Assessment of fatty liver
Liver fat was measured at the end of the baseline diet, on days 21 and 42 of the choline-deficient diet, and at the end of the repletion period (for subjects with fatty liver when fed the choline-deficient diet). Change in liver fat content was estimated by magnetic resonance imaging with a Siemens Vision 41.5T clinical MR system (Siemens Medical Solutions, Malvern, PA) using a modified "In and Out of Phase" procedure (23, 30) . This approach uses the differences in transverse magnetization intensity after a fast low-angle shot [(FLASH) echo time ҃ 2.2 and 4.5 msec, with a flip angle of 80°, and repetition time ҃ 140 msec]. Processing of successive FLASH magnetic resonance images with the software from Siemens Medical Solutions was used to estimate fat content. Organ content was derived from measurements across 3-5 liver slices per subject and standardized by relating the results to similarly measured slices of spleen.
Assessment of liver and muscle cell damage
Fasting blood samples were taken every 3-4 d for blood chemistry analyses (including CPK analysis). For the lymphocyte studies, they were also obtained after 10 d of the baseline diet, at the end of the choline-deficient diet (depletion phase), and at the end of the choline-repletion phase. Absolute lymphocyte counts were performed on an Advia analyzer (Bayer, Tarrytown, NY). Serum was analyzed by using a dry-slide colorimetric method for CPK activity [McClendon Clinical Laboratories, University of North Carolina Hospitals, Chapel Hill, NC, which are accredited by both the Clinical Laboratory Improvement Act (CLIA) and the College of American Pathologists].
Assessment of lymphocyte DNA damage and apoptosis
Peripheral lymphocytes were isolated from blood by using Ficoll-Hypaque gradient in evacuated tubes with sodium citrate (Vacutainer CPT; Becton Dickinson, Franklin Lakes, NJ) according to the manufacturer's instructions (31, 32) . DNA was measured by using the method of Labarca and Paigen (33) . The cells were then analyzed by using the ApoTarget Caspase-3/ CPP32 Colorimetric Protease Assay (BioSource International, Camarillo, CA). Briefly, activated caspase-3 cleaves the 4-nitroaniline peptide substrate DEVD-pNA, and this activity is quantified at 405-nm absorbance by using ultraviolet spectrometry and expressed as integrated optical density/mg DNA. Activated caspase-3 was also measured in a subset of cells by labeling them with carboxyfluorescein (FAM)-labeled peptide fluoromethyl ketone (FMK) caspase inhibitor (FAM-DEVD-FMK, CaspaTag kit; Intergen, Purchase, NY), which specifically binds to activated caspase-3. Nuclei were then stained with 4'-6-diamidino-2-phenylindole, and activated caspase-3 was detected by using a band-pass filter (excitation wavelength: 490 nm; emission wavelength: 520 nm) on a microscope. We used an ultraviolet filter (excitation wavelength: 365 nm; emission wavelength: 4600 nm) to visualize the nuclear staining, and the National Institutes of Health-based SCION IMAGE software (version 4.03; Scion Corporation, Frederick, MD) to quantify the activated caspase-3-integrated absorption.
We measured DNA fragmentation in lymphocytes by using terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling [(TUNEL) ApopTag Plus in Situ Apoptosis Detection Kit; Chemicon International, Temecula, CA]. Lymphocytes were fixed in 2% paraformaldehyde and suspended on a silanized microscope slide by cytospin. They were labeled and stained with diaminobenzidine-peroxidase, and the nuclei were counterstained with 0.5% methyl green. The slides were mounted, and the TUNEL-positive cells were counted by light microscopy. At least 300 total cells were counted for each data point, and the amount is expressed as a percentage.
We assessed DNA strand breaks by using single-cell gel electrophoresis (COMET assay; 34). Lymphocytes were sandwiched between 0.5% agarose and 0.5% low-melting-point (37°C) agarose (Fisher, Fair Lawn, NJ). The resulting slides were placed into cold, freshly made lysis solution [10 mmol Tris/L (pH 10), 2.5 mol NaCl/L, 100 mmol EDTA/L, 1% sodium sarcosinate, 10% DMSO, and 1% Triton X-100] at 4°C for ͧ1 h and then treated for 20 min in electrophoresis buffer [300 mmol NaOH/L, 1 mmol EDTA/L (pH 13)]. After electrophoresis was performed at 25 V and 300 mA for 20 min, slides were incubated 3 times for 5 min in neutralization buffer [0.4 mol Tris/L (pH 7.5)], washed with methanol, and stained with 20 mg ethidium bromide/mL. COMET tail length (the distance of DNA migration from the body of the nuclear core) was visualized by using a fluorescence microscope (typically, 100 cells/sample) and SCION IMAGE software. The COMET tail moment (defined as the integrated density in the COMET tail multiplied by the distance from the center of the nucleus to the center of mass of the tail) was calculated by using the NIH IMAGE ANALYSIS MACRO language software (http://dir.nhlbi.nih.gov/labs/ldn/macroanalysis.asp).
Statistical analysis
Significant differences in urinary data between subjects after they consumed the baseline (550 mg choline/d) diet and the same subjects after they consumed the choline-deficient and cholinerepletion diets were determined by analysis of variance (ANOVA) and Dunnett's test. A 2-factor analysis with interaction based on the differences between the activated caspase-3, TUNEL, and COMET measurements; the lymphocyte counts; and plasma folate concentrations at the end of the baseline and choline-deficient diets was used to determine significant interactions between organ dysfunction and folate status. The interactions were not significant, so a 2-factor ANOVA was then used to compare these groups. A 2-sample t test based on the differences between the lymphocyte counts and activated caspase-3, TUNEL, COMET, and plasma folate measurements at the end of the baseline and choline-repletion diets for the folate-only and the folic acid-supplemented groups was performed to determine whether folate had an effect on these measurements. If folate had no effect, paired t tests were then used to compare measurements between the baseline and repletion diets. Statistical analysis was performed by using JMP software (version 3.2; SAS Institute Inc, Cary, NC).
RESULTS
Organ dysfunction
Thirty-three (65%) of 51 subjects developed organ dysfunction when fed the choline-deficient diet. Of this group, 26 (8 men and 18 women) had liver dysfunction, 1 (a man) had only muscle dysfunction, and 6 (5 men and 1 woman) had both liver and muscle dysfunction. All subjects returned to normal with choline repletion. Urinary betaine and choline concentrations dropped to 60% of baseline after subjects consumed the choline-deficient diet for 13 d (Figure 2 ) and were 50% of baseline at the end of the depletion period (P 0.01, ANOVA and Dunnett's test). When choline was restored to the diet (for 3 d in those with no clinical symptoms and for 3 d in those with symptoms), urinary concentrations of both metabolites increased to 80% of baseline ( Figure 2 ).
Lymphocyte counts
Mean total lymphocyte counts at the end of the cholinedepletion period (2.3 Ȁ 0.1 ҂10 6 /mL) did not differ significantly from baseline values, regardless of organ dysfunction or folate status ( Table 1) . Lymphocyte counts in the subjects at the end of the repletion diets (2.2 Ȁ 0.1 ҂10 6 /mL) also did not differ significantly from baseline values (P ҃ 0.479, paired t test).
Activated caspase-3 assay
The amount of activated caspase-3 in the lymphocytes of subjects who developed organ dysfunction after they were fed a low choline-diet was significantly greater than their baseline values (P ҃ 0.018 by 2-factor ANOVA; Table 1 ). Subjects who did not develop organ dysfunction had no increase in mean activated caspase-3 in their lymphocytes. The effect of the cholinedeficient diet was not changed by supplementation with folic acid (Table 1) . When choline was restored to the diet of the subjects with organ dysfunction, activated caspase-3 returned to 104 Ȁ 21% of baseline (P ҃ 0.842 for difference from baseline, paired t test; n ҃ 27).
TUNEL assay
There were more TUNEL-positive lymphocytes in subjects at the end of the choline-depletion period than when they were fed the baseline diet (Table 1) . There was no significant interaction between liver-muscle dysfunction and folate status, but subjects who were not supplemented with folic acid had significantly (P ҃ 0.026) more TUNEL-positive cells than did subjects receiving the supplement. When choline was restored to the diet of the subjects with organ dysfunction, there was a partial reduction in the proportion of TUNEL-positive lymphocytes (to 2.4 Ȁ 0.4%; P ҃ 0.034 for difference from baseline values, paired t test; n ҃ 23); there was no effect of folate status on the postrepletion TUNEL assay values (P ҃ 0.940, t test).
COMET assay
At the end of the choline-depletion period, we observed that all subjects, regardless of whether they became sufficiently cholinedepleted to develop liver or muscle dysfunction, had lymphocyte DNA damage (assessed by the COMET assay) twice that seen when they were fed the control diet (Table 1 ). This increase in tail moment occurred regardless of whether subjects also developed other signs of organ dysfunction when fed the choline-deficient FIGURE 2. Mean (ȀSE) urinary betaine and choline concentrations (n ҃ 32-45/time point), from which dietary compliance was assessed. Subjects were treated as described in the legend for Figure 1 . Urine samples (24-h) were collected at the end of the baseline (550 mg), depletion (Depl), and repletion (Repl) phases and on days 13 and 31 of the choline-deficient diet (D13CD and D31CD, respectively), and aliquots were analyzed for betaine (u) and choline (ᮀ) concentrations nmol/mg creatinine as described in Methods.
* Significantly different from baseline, P 0.01 (one-factor ANOVA and Dunnett's test). 1 All values are x Ȁ SE. OD, optical density; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling; COMET, single-cell gel electrophoresis; DFE, dietary folate equivalents. Subjects were fed a diet providing 550 mg choline/70 kg body wt daily (baseline) for 10 d and were then fed a low-choline diet diet for up to 42 d. They were randomly assigned to receive only dietary folate (100 DFE/d) or dietary folate plus a daily folic acid supplement (combined intake: 768 DFE/d) while consuming a choline-deficient diet. The organ dysfunction ҂ folate interaction was not significant; thus, a 2-way ANOVA based on the differences between measurements at the end of the baseline and choline-deficient periods was used to compare the groups.
2 Significantly different from all other choline-deficient groups, P 0.05.
diet and was independent of dietary folate intake. At the end of the choline-repletion period, when all choline deficiencyassociated organ dysfunction had resolved, the average COMET tail moment in the lymphocytes of subjects was 1.2 Ȁ 0.1 (P ҃ 0.428 for difference from baseline, paired t test; n ҃ 27).
Folate assay
At the end of the baseline diet period, mean plasma folate concentrations in the subjects were 26.0 Ȁ 0.9 nmol/L (Table 1) , which was within the range of values reported for humans consuming 427 g folate/d (35) . When subjects were fed the cholinedeficient diet supplemented with folic acid, the mean plasma folate concentration was 27.8 Ȁ 1.3 nmol/L (P ҃ 0.038 for difference from baseline, paired t test; n ҃ 26). When these subjects underwent repletion with added choline, the mean plasma folate concentration did not change (28.2 Ȁ 1.9 nmol/L). When subjects were fed the choline-deficient diet and did not receive folic acid (100 DFE/d from diet alone), mean plasma folate concentrations decreased to 21.4 Ȁ 1.3 nmol/L (P ҃ 0.0003 for difference from the supplemented group, 2-factor ANOVA). This value is still well above that which indicates folate deficiency (7 nmol/L; 36). In these subjects at the end of the choline-repletion period, the mean plasma folate concentration (26.2 Ȁ 1.6 nmol/L) did not differ from baseline.
DISCUSSION
We found that choline deficiency in humans was associated with significant damage to DNA and with apoptosis in peripheral lymphocytes. This association had not previously been shown in humans.
Caspase-3 is a critical effector protein in apoptosis, and it exists within the cytosol as an inactive dimer (37) . Cleavage within a linker segment is required for activation, which occurs only during the terminal execution cascade of signals mediating apoptosis (37) . Thus, activated caspase-3 is an extremely specific marker for apoptosis. We observed that activated caspase-3 increased in the lymphocytes of subjects who developed organ dysfunction when fed a choline-deficient diet (Table 1) . TUNEL labeling is often cited as a specific biomarker for apoptosis because the technique identifies cells with single-strand nicks in DNA. However, the assay also detects nonapoptotic events that result in DNA damage (38, 39) . Our data are consistent with this finding, because our TUNEL assay values appear to be intermediate between activated caspase-3 values, which increased only in subjects who developed organ dysfunction when fed a cholinedeficient diet, and COMET tail moment values, which increased in all subjects fed a choline-deficient diet. The COMET assay measures double-strand breaks in DNA (34) as well as DNA modifications such as abasic sites (AP sites) (40) . This assay is different from both the TUNEL assay, which detects single-and double-strand breaks in DNA, and the activated caspase-3 assay, which detects specific activation of the apoptotic signaling cascade that is responsible for cell execution (41) . Whether DNA lesions detected by the COMET assay go on to become gene mutations depends on whether they are correctly repaired without resulting in permanent genetic alterations (40) .
As noted earlier, in animal models, choline deficiency increased leakage of reactive oxygen species from mitochondria (8, 9) and increased DNA adduct formation and DNA damage in liver (14, 15) . In the current study, we observed that all subjects, as compared with the values when they were fed the control diet, had twice as much lymphocyte DNA damage (COMET assay) when they were fed the choline-deficient diet, even if choline was not sufficiently depleted to lead to liver or muscle dysfunction (Table 1) . No evidence exists of a mechanism for choline interactions with DNA that is particular to lymphocytes, rather than to other tissues, and thus it is likely that damage to DNA is not organ specific. Perhaps damage to DNA is the earliest functional effect of choline deficiency and occurs before intracellular concentrations of choline or phosphatidylcholine decrease enough to induce apoptosis and leakage of enzymes from liver and muscle or fatty liver. If so, increased DNA damage as assessed by COMET assays could be the earliest marker for identification of a tissue as choline-deficient.
We suggest that choline deficiency-induced apoptosis shares a mechanism with other measures of organ dysfunction associated with choline deficiency-ie, diminished synthesis of phosphatidylcholine. Fatty liver occurs in choline deficiency because phosphatidylcholine is not available for secretion of VLDL from liver (42) . Muscle dysfunction in choline deficiency likely occurs because lower membrane phosphatidylcholine concentrations make myocytes fragile (4). We previously reported that membrane phosphatidylcholine concentrations may be the critical variable for choline deficiency-mediated induction of apoptotic cascades (9, 43) .
Choline and folate metabolisms are interrelated (1), and it has been suggested that folate status can modify susceptibility to choline deficiency (44) . In the current study, the changes in plasma folate were modest, although they did occur in the direction we expected. It is possible that the experimental period in the current study-which was as short as 2 wk and as long as 6 wk-was not long enough for the dietary changes (from 400 to 100 or 768 DFE) to reach a plateau in plasma folate; it has been reported that 6 -14 wk is required for that outcome (45) . It could have been predicted that humans ingesting a choline-deficient diet containing 100 DFE/d would have decreased plasma folate concentrations because this folate intake is less than that estimated for humans eating an ad libitum diet (Ȃ200 DFE/d from naturally occurring food folate, in addition to the contribution from foods fortified with folic acid) (46) . We present folate data to show that our subjects did not become frankly folate deficient (plasma folate concentrations were well above those indicative of folate deficiency; 36). Supplementary folic acid mitigated some but not all of the effects of the choline-deficient diet on increasing TUNEL labeling but did not mitigate choline deficiency-associated changes in activated caspase-3 or in COMET tail moment. The restoration to the diet of choline, without restoration of folate, returned COMET and activated caspase-3 values to normal. Thus, choline deficiency and not diminished folate status was responsible for the changes that we report here.
That choline deficiency induces significant DNA damage in humans is an important observation. In rodent models, prolonged (ie, 1 y) choline deficiency results in the development of liver cancers (47) and in greater sensitivity to chemical carcinogens (48) . These conditions could be the result of mutations due to DNA damage. Similarly, choline deficiency-induced apoptosis is of clinical significance, because liver damage is a common side effect of prolonged parenteral nutrition (16) . At present, there is no definitive clinical test that can be used to identify persons who are choline deficient. Plasma choline, betaine, and phosphatidylcholine concentrations decreased in humans fed a cholinedeficient diet, but they plateau after falling 30%-50% (2, 24) . Urinary betaine and choline concentrations also decreased in humans consuming a choline-deficient diet, and we used that measure as a compliance marker in this study. Lower concentrations of choline metabolites are necessary but not sufficient to predict who will develop organ dysfunction (4, 23) . In the current study, we identified a number of biomarkers that can be used in conjunction with plasma choline metabolites to make a diagnosis of choline deficiency in humans. COMET tail moment may be the most sensitive measure, and dose-response studies should be performed to ascertain the exact dietary intake at which COMET values become abnormal. Activated caspase-3 measurements in lymphocytes correlated best with liver and muscle dysfunction that was associated with choline deficiency. Thus, this assessment has clinical value for physicians who might use it as an indicator for ordering studies of liver or muscle function in patients suspected of being choline deficient. The TUNEL assay was influenced by folate status as well as by choline status, and thus it is not as specific a biomarker for choline deficiency as are the other assays.
The human dietary requirement for an essential nutrient is defined as the amount that prevents organ dysfunction. The Institute of Medicine Dietary Reference Intake Panel defined the human requirement for choline according to the amount of dietary intake needed to prevent liver dysfunction (ie, elevated serum transaminase concentrations; 26). Because apoptosis and DNA damage in lymphocytes are measures of significantly abnormal cell function, we suggest that these measures in a clinically accessible tissue could be used to define the human dietary requirement for choline.
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